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Many biological samples destined for matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS) contain buffers. The presence of these buffers often inhibits the
ability to obtain spectra. Here, the results of a study of the effects of six different buffers on
spectra of three representative small proteins are reported utilizing 2,5-dihydroxybenzoic acid
as matrix. These proteins, bovine insulin, cytochrome c, and bovine albumin have masses from
;5000 to 66,000 Da. Three different sample preparation techniques were investigated:
aerospray, dried-drop, and acetone redeposition. Both MALDI Fourier transform and time-
of-flight mass spectrometry results show that buffer tolerance of MALDI-MS samples depends
upon several factors, including the relative amount of the buffer in the MALDI matrix, as well
as the identity of the specific buffer. Furthermore, the rate at which buffer tolerance decreases
as buffer concentration is increased varies from buffer to buffer. The current results reveal that,
at very high matrix:analyte ratios, buffer tolerance of MALDI is dramatically greater than
concluded in previous literature reports. (J Am Soc Mass Spectrom 1998, 9, 805–813) © 1998
American Society for Mass Spectrometry
Matrix-assisted laser desorption/ionizationmass spectrometry (MALDI-MS) plays an in-creasingly important role in the characteriza-
tion of biochemical samples. Initially, MALDI was
thought to be especially tolerant of the presence of
buffers, which are prevalent in biochemical samples [1,
2]. However, recent literature reports have noted limi-
tations to the buffer tolerance of MALDI [3, 4]. For
example, Bo¨rnsen and co-workers [4] have stated that
MALDI samples containing .100 mM of buffer should
be desalted. In light of this observation, it seemed
reasonable to carry out a detailed study of the effect of
varying the matrix:buffer-to-analyte ratio on
MALDI-MS analysis. This article presents the results of
that study.
In MALDI experiments, the analyte is mixed with an
excess of a suitable matrix, often an aromatic acid. It is
generally agreed that the matrix and analyte must
co-crystallize for MALDI to be effective. The matrix is
chosen to preferentially absorb the laser radiation, so
that upon irradiation it desorbs from the sample sur-
face, carrying embedded analyte molecules into the gas
phase [5]. During this process, ionization usually takes
place, either by proton transfer or cation attachment.
Sample preparation is known to play a critical role in
the ultimate quality of MALDI mass spectra both in
terms of signal-to-noise ratio and resolution. Since the
introduction of MALDI in 1988, various sample prepa-
ration methods have been advocated, such as the dried-
drop method [6], the slow crystallization technique [7],
and the rapid crystallization method [8]. All of these
techniques involve deposition of a drop of matrix
analyte mixture on the sample holder, with co-crystal-
lization subsequently induced by various means. How-
ever, these approaches can result in inhomogeneous
crystallization, causing inferior results. Accordingly,
the quality of the MALDI mass spectra can vary not
only from spot-to-spot, but also from sample-to-sample.
Recently, use of a polycrystalline thin film of matrix has
been shown to be a useful sample preparation method
[9, 10]. Another effort at improved sample preparation
is that developed by Speir and Amster [11], who placed
the matrix between a metal substrate and the analyte
layer. In 1991, Nuwaysir and Wilkins [12] introduced
the “acetone redeposition” technique as another
method to improve sample homogeneity. In this tech-
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nique, the sample is first prepared by traditional means.
A drop of acetone is then deposited onto the dry
sample. As the acetone evaporates, the sample recrys-
tallizes to form a more homogeneous film, that leads to
increased spot-to-spot reproducibility.
As an alternative, an aerospray method was intro-
duced in 1992 [13–15]. In this technique, air flowing
over a capillary produces a fine aerosol mist of the
matrix–analyte solution, that is sprayed onto a rotating
probe tip. The solvent, which is usually methanol,
quickly evaporates, allowing dry deposition of fine
matrix–analyte particles to produce a thin, homoge-
neous film. In this way, good shot-to-shot, spot-to-spot,
and sample-to-sample reproducibility are obtained. Be-
cause electrospray deposition has previously been used
for non-MALDI sample preparation [16–20], several
reports have recently advocated electrospray for
MALDI. Similar to the aerospray technique, electros-
pray sample preparation has the advantage of including
a quick drying process that facilitates co-crystallization
of the matrix and analyte, as well as fine microcrystal
formation. This method also provides a high degree of
reproducibility [21–23].
In biochemical samples, the use of buffers is nor-
mally necessary to maintain solubility and stability of
proteins. As mentioned above, the compatibility of
commonly used buffers with MALDI-MS measure-
ments was previously evaluated using the dried-drop
method [4], resulting in the finding that the degree of
buffer tolerance varies with type of buffer. For example,
buffers such as HEPES (N-[2-hydroxyethyl]piperazine-
N9-[2-ethanesulfonic acid]) and TRIS (Tris[hydroxym-
ethyl]aminomethane acetate) have no negative affect on
MALDI spectra as long as buffer concentrations are
kept below 50 mM. For buffer concentrations above 100
mM, the study concluded that a desalting method
should be applied [4].
Several methods have been reported in the literature
for purifying biological samples prior to MALDI-MS
analysis. One method is drop dialysis [24, 25]. In this
method, a few microliters of protein sample are depos-
ited on a membrane floating on top of pure water. The
drop is retrieved after 30 min to 1 h via a micropipette.
Membranes are also used in other purification tech-
niques [4, 26–28]. For example, Kallweit and co-work-
ers [4] added a membrane to a sample that was then
shaken for 30 min to 1 h. This procedure results in the
protein adhering to the membrane, that is then re-
trieved and rinsed. Other desalting methods employ
self-assembled monolayer (SAM) techniques [29, 30].
For example, Orlando and co-workers [31] use a mod-
ified probe tip that is sputtered with gold and coated
with a SAM of octadecyl mercaptan. This derivatized
probe tip is immersed in the protein sample and incu-
bated for 8 h to induce binding of the peptide to the
SAM. Afterward, the probe tip is rinsed and analyzed.
The primary disadvantage of this method is the long
sample preparation time. In addition, all of these tech-
niques involve washing away undesirable molecules,
such as buffers, and require extra sample handling,
which is time consuming and can lead to sample loss.
In this paper, the degree of tolerance of commonly
used buffers for protein samples prepared by the aero-
spray technique, as well as the dried-drop and acetone
redeposition methods, is investigated. The effect of the
matrix:analyte ratio upon the degree of buffer tolerance
is studied for both MALDI-FTMS and MALDI-TOF.
Experimental Methods
Materials and Sample Preparation
Bovine insulin, bovine albumin, cytochrome c, and
poly(ethylene glycol) 1000 were purchased from Sigma
(St. Louis, MO). 2,5-Dihydroxybenzoic acid (DHB) was
obtained from Fluka (Buchs, Switzerland). HEPES,
TRIS, and BICINE (N,N-bis[2-hydroxyethyl]glycine)
were obtained from Sigma (St. Louis, MO). Sodium
phosphate, sodium borate, and sodium acetate were
obtained from Fisher Scientific (Fair Lawn, NJ). 2 M
stock buffer solutions were made by dissolving the
appropriate amount of buffer in Millipore water (APS
Water Services, Van Nuys, CA). Various concentrations
of buffer solutions were prepared by diluting the 2 M
stock solutions. Because Cohen and Chait [32] have
noted that pH can affect observation of MALDI signals,
the pH of the different buffers was titrated to ;7.0 with
NaOH (see Table 1). The matrix (DHB) and the protein
analyte (bovine insulin, cytochrome c, or bovine albu-
min) were dissolved in methanol at two different ma-
trix:analyte molar ratios (4000:1 and 40,000:1). For sam-
ples of each type of protein, the analyte concentrations
were kept constant. Analyte concentrations of bovine
insulin, cytochrome c, and bovine serum albumin were
3.5 3 1025, 1.6 3 1025, and 2.6 3 1025 M, respectively.
Varying buffer concentrations were obtained by adjust-
ing the volume of added buffer solution (5–300 mL),
whereas in each case the total sample volume was
maintained at 500 mL.
The aerospray setup depicted in Figure 1 is a modi-
fied version of that described previously [13, 15]. The
current arrangement allows the same sample prepara-
tion to be tested by both MALDI-FTMS and MALDI-
TOF. Air flows through a stainless steel tube (o.d. 0.042
in., i.d. 0.027 in.) and over a fused-silica capillary (o.d.
0.50 mm, i.d. 0.32 mm) through which the matrix–
analyte solution flows. The rate of air flow is adjusted
by a flow meter so that the aerosol particles are dry
deposited onto the rotating probe tip. To eliminate
sample-to-sample variations, a dual FTMS/TOF probe
tip was manufactured. Standard stainless steel TOF
sample pins were threaded to allow mounting onto a
modified stainless steel FTMS probe tip. The surfaces of
the TOF pins and the FTMS probe tip are level with
each other. Samples prepared by this aerospray setup
were used for both MALDI-TOF and MALDI-FTMS
analysis.
For dried-drop sample preparation, similar to the
806 YAO ET AL. J Am Soc Mass Spectrom 1998, 9, 805–813
method reported by Cohen and Chait [32], a 10 mL of
sample–matrix solution was deposited onto the stain-
less steel probe tip and allowed to air dry at room
temperature.
Acetone redeposition [12] was performed by depos-
iting 50 mL of acetone solvent to the surface of MALDI
samples initially prepared by the aerospray method.
Instrumentation
MALDI-FTMS results were obtained with a Fourier
transform mass spectrometer (Finnigan FT/MS, Madi-
son, WI) equipped with a 7-tesla superconducting mag-
net (Oxford Instruments, UK). Experiments were car-
ried out in the source cell of a standard dual cubic cell
(Finnigan FT/MS, Madison, WI). Samples were aeros-
prayed onto a rotating probe tip to obtain a homoge-
neous surface as previously described [13–15]. The
sample was positioned 4 mm outside the source cell. A
nitrogen laser (PTI Canada, London, Ontario) was used
to desorb and ionize the samples at a wavelength of
337.1 nm with a pulse width of 600 ps. The laser beam
was directed through two mirrors and focused to a spot
size of 100 mm 3 300 mm on the probe tip by both an
external lens (Oriel, Stratford, CT) and an internal lens
(CVI Laser, Albuquerque, NM). Maximum laser energy
was 0.5 mJ/pulse, measured as the beam exits the
internal lens. A Sun workstation (Sparc Station IPX,
Model 4/50) running Odyssey program software (ver-
sion 3.1, Finnigan FT/MS, Madison, WI) was employed
for experiment control and data analysis. Calibration
was performed using poly(ethylene glycol) 1000 as an
external calibrant.
MALDI-TOF spectra were obtained with a LaserTec
ResearcH Mass spectrometer (Vestec, Houston, TX)
equipped with a nitrogen laser (Laser Science, Franklin,
MA) operating at 337 nm. All spectra were detected by
using the linear time-of-flight mode with a flight path
of 1.2 m. Ions were accelerated with a potential of 30
kV and detected by an ion multiplier. A digital
oscilloscope (Model TDS 52, Tektronix, Beaverton,
OR) was used to monitor the ion current. Mass
spectra were generated from the average of 100 to 150
single acquisitions and smoothed with a 7-point
Savitsky–Golay smooth.
A Philips model XL30 scanning electron microscope
(SEM) (Philips Electron Optics, Eindhoven, Nether-
lands) equipped with a field emission gun was used for
morphologic studies. An accelerating voltage of 15 kV
was applied. Samples were mounted on the specimen
holder with adhesive carbon tape. Imaging was done
using a secondary electron detector.
Table 1. Molecular ion signal intensity dependence on buffer concentrations for bovine insulin with 2,5-dihydroxy benzoic acid as
matrix. Matrix-to-analyte ratio is 4000:1 or 40,000:1
Buffer pH
Matrix:analyte 4000:1
concentrations (mM)
Matrix:analyte 40,000:1
concentrations (mM) Signal
BICINE 6.5 4 200 11a
10 400 1b
50 475 2c
TRIS 7.0 20 200 11
40 750 1
80 1250 2
HEPES 6.6 1 200 11
15 250 1
20 300 2
Sodium acetate 7.0 10 200 11
20 500 1
50 750 2
Sodium borate 7.0 2 100 11
10 125 1
50 150 2
Sodium phosphate 6.8 0.2 10 11
1 50 1
2 75 2
aAbundance similar to sample without buffer (CT;902100).
bAbundance approximately half of the sample without buffer (concentration tolerance, CT;50).
cThe lowest concentration which completely suppresses signal (CT;0).
Figure 1. Aerospray apparatus for simultaneous TOF and FTMS
sample preparation.
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FTMS Experimental Parameters
Nine V gated trapping [33] was applied using a decel-
eration time of 220 ms for bovine insulin samples and
280 ms for cytochrome c samples. Following ion decel-
eration, a potential of 2 V was used as the trapping
voltage. No additional time delay was used before
excitation of the ions. Employing a sweep rate of 550
Hz/ms, ions were excited from 50 Hz to 200 kHz. The
data acquisition rate was 470 kHz for all experiments.
Experimental parameters were optimized to obtain
maximum signal abundance. For comparison of relative
signal abundances, 8 K data points were acquired for
each spectrum. For consistency, all experiments were
performed at a pressure of 2 3 1027 torr.
Results and Discussion
Use of buffers is often necessary in protein sample
preparation to maintain biological activity and integ-
rity. It is generally assumed that MALDI is tolerant of
salts and buffers. However, in accord with observations
by Kallweit et al. [4] for samples prepared using the
dried-drop method, it is known that the presence of
different buffers in protein samples can have a signifi-
cant influence upon the MALDI spectra of protein and
peptide samples. In the present work, the influence of
buffers upon MALDI mass spectra of proteins is inves-
tigated. The majority of the experiments utilized the
aerospray technique because of the high degree of
reproducibility for signal abundances. The generality of
the results was tested using both the traditional dried-
drop and the acetone redeposition method. Here, the
effects of the buffers BICINE, TRIS, HEPES, sodium
acetate, sodium borate, and sodium phosphate are
reported. Bovine insulin (5734 Da) was chosen as a
standard protein sample because it consistently gives a
reproducible signal. For convenience, the amount of
buffer present is expressed as the concentration present
in the sample solution.
Shown in Figure 2 are MALDI-FT mass spectra of
bovine insulin samples with varying BICINE concentra-
tions using a matrix:analyte ratio of 4000:1. The concen-
tration of bovine insulin was kept constant for all
samples. At a BICINE concentration of 4 mM (Figure
2a), the bovine spectrum is similar to that obtained for
pure insulin, in the absence of buffer. However, for a
BICINE concentration of 10 mM (Figure 2b), the insulin
protonated molecular ion abundance dropped by ap-
proximately half. For BICINE concentrations of 50 mM
or above (Figure 2c), no spectrum was obtained. Figure
3 summarizes normalized insulin protonated molecular
ion abundances for three different buffers in the pres-
ence of a 4000:1 matrix:analyte mixture. The plot was
normalized by dividing the abundance of 9 averaged
shots per concentration by the abundance of 9 averaged
shots for a sample without buffer present. The purpose
of averaging 9 spectra is to compensate for any shot-to-
shot variation in laser fluence. For comparison, “con-
centration tolerance” (CT250) is defined as the concen-
tration of buffer which reduces the molecular ion signal
to approximately half that for a sample without buffer
present. For example, from the plot in Figure 3, the
CT250 for BICINE is about 10 mM. For TRIS, the CT250
is 40 mM. With a buffer concentration of 80 mM, no
spectrum is obtained. With the particular matrix:ana-
Figure 2. MALDI-FT mass spectra of bovine insulin with various
BICINE concentrations: (a) 4 mM (b) 20 mM and (c) 50 mM. Signal
intensities were normalized to insulin signal without buffer
present. Experiments performed with matrix:analyte ratio of
4000:1.
Figure 3. Plot of normalized signal abundance for bovine insulin
vs. concentrations of buffers: BICINE (filled circle), TRIS (filled
square), and HEPES (filled diamond). Matrix was DHB at a
matrix:analyte ratio of 4000:1 for all samples. Average relative
standard deviation is 60.07.
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lyte ratio used here, the tolerance for HEPES buffer is
significantly less. Thus, at concentration of 1 mM, the
bovine spectrum almost equivalent to that of a sample
without buffer present, is obtained. However, the CT250
of HEPES is only 15 mM, and at 20 mM, no insulin
spectum is detected. Clearly, the trend of CT250 for the
three organic buffers is HEPES#BICINE , TRIS. It also
can be seen that the rate of decrease of bovine insulin
signal as a function of buffer concentration is slightly
different for each buffer.
These results are summarized in Table 1, which also
contains data for several inorganic buffers. For the
inorganic buffers, the CT250 for sodium phosphate,
sodium borate, and sodium phosphate at a matrix:
analyte ratio of 4000:1 are 1, 10, and 50 mM. For these
inorganic buffers, it was necessary to maintain buffer
concentrations below 2, 50, and 50 mM for phosphate,
borate, and acetate, respectively, to obtain insulin spec-
tra. These concentration thresholds (CT20) represent
the amount of buffer at which the bovine insulin signal
is totally suppressed. MALDI is least tolerant of phos-
phate, as no MALDI spectrum could be obtained when
as little as 2 mM of buffer was present.
As mentioned earlier, compared to the dried-drop
method, the aerospray technique generally produces a
more homogeneous, thin film, which significantly im-
proves both spot-to-spot and sample-to-sample repro-
ducibility. From visual inspection of a sample surface, it
is possible to predict whether a spectrum will be
obtained. When no buffer is present, a sample has
visible crystals on the surface and a sandlike appear-
ance. Such samples always produce high insulin signal
intensities. With buffer concentrations up to CT250, the
sample surface still has visible microcrystals. However,
for higher buffer concentrations, the sample surface
becomes glossy and does not yield MALDI spectra.
Thus, loss of protein signal in MALDI when high
concentrations of buffer molecules are present can be
explained by interference of the buffer with the co-
crystallization process during sample preparation [34].
As a consequence, the analyte of interest may not be
efficiently desorbed and/or ionized during the desorp-
tion/ionization event.
Kallweit and co-workers [4] concluded that samples
with buffer concentrations ;100 mM should be de-
salted prior to MALDI. The observed buffer tolerances
using a matrix:analyte ratio of 4000:1 are consistent with
their observations, as no spectra could be observed for
buffer concentrations above 80 mM for any of the
buffers in this study.
However, in the present study, it was discovered
that the degree of buffer tolerance of MALDI samples is
dramatically extended by increasing the matrix:analyte
ratio. With large excesses of matrix, MALDI spectra of
insulin could be acquired, even in the presence of high
concentrations of buffers. Figure 4 contains plots of the
normalized abundance of bovine insulin protonated
molecular intensities versus concentration of HEPES,
BICINE, and TRIS, for samples prepared with matrix:
analyte ratios of 40,000:1. These plots illustrate the
dramatic increase in buffer tolerance made possible by
the simple expedient of using a matrix:analyte ratio of
40,000:1. As shown in Figure 3, for matrix:analyte ratio
of 4000:1, no bovine insulin signal is observed for buffer
concentrations as low as of 20, 50, and 80 mM for
HEPES, BICINE and TRIS, respectively. From the plot
in Figure 4, it is evident that the tenfold increase in
matrix:analyte ratio results in similar increases in CT250
for HEPES, BICINE, and TRIS, to 250, 450, and 750 mM,
respectively. Spectra with protonated molecular ion
abundances as high as 90% of those for samples with no
buffer present are attainable for buffer concentrations
up to 400 mM for both BICINE and TRIS.
Although the CT250 values are similar, the rate at
which the buffer tolerance changes is dramatically
different for HEPES, BICINE, and TRIS. For HEPES, the
signal intensity decreased sharply at concentrations
greater than 200 mM and disappeared at 300 mM. For
BICINE, the insulin signal abundance did not start
dropping until the buffer concentration reached ;400
mM. At this point, the buffer tolerance for BICINE
dropped off abruptly, so that no signal for insulin was
observed at a concentration of 475 mM. Interestingly, as
more matrix was added to a sample with 500 mM
BICINE, increasing the matrix:analyte ratio to 80,000:1,
the insulin sample again produced an excellent spec-
trum. Unlike the sharp decrease in signals observed
with HEPES and BICINE, the molecular ion abundance
for insulin decreases gradually with increasing TRIS
concentration. Thus, when a 40,000:1 matrix:analyte is
used, a sample with a TRIS concentration of 1000 mM
still gives a spectrum with protonated molecular ion
abundance that is approximately 20% that of a sample
without any buffer.
Similarly, the buffer tolerance for sodium acetate,
sodium borate, and sodium phosphate can also be
extended by increasing the matrix:analyte ratio, which
is evident from Table 1. The increase in buffer tolerance
Figure 4. Plot of normalized signal abundance for bovine insulin
vs. concentration of buffers: BICINE (filled circle) and TRIS (filled
square). Matrix was DHB at a matrix:analyte ratio of 40,000:1 for
all samples. Average relative standard deviation is 60.06.
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of sodium acetate buffer is very similar to that of the
organic buffers BICINE and TRIS. For a matrix:analyte
ratio of 40,000:1, the CT250 for sodium acetate is 500
mM. Although the buffer tolerance of sodium borate is
only extended to a CT250 of 125 mM with a matrix:
analyte ratio of 40,000:1, a matrix:analyte ratio of
80,000:1 yields a high intensity signal with 400 mM
sodium borate present in the sample. Increasing the
matrix:analyte ratio extended the tolerance for phos-
phate buffer from CT250 of 1 mM for 4000:1 to 50 mM
for a ratio of 40,000:1. Overall, comparison of the CT250
values for the six buffers reveals that MALDI sample
toleration in the order TRIS.BICINE.sodium
acetate.HEPES.sodium borate.sodium phosphate.
Although the concentration tolerance of MALDI for
phosphate buffer is less than that the other buffers, it is
very significant that the tolerance of phosphate can be
extended by increasing the matrix:analyte ratio, because
it is one of the most commonly used buffers in biochem-
istry. Based on previous lack of observable signals for
MALDI-MS samples with phosphate present, Bo¨rnsen
and co-workers [4] suggested that other buffers should
be used in place of phosphate buffers. However, the
present findings suggest that it is not necessary to
eliminate use of phosphate buffers. Instead, very large
matrix:analyte ratios should be employed for samples
containing phosphate buffer.
Experiments performed using cytochrome c (12,360
Da) as the analyte yielded similar results. For example,
Figure 5a shows that no spectrum is obtained for a
cytochrome c sample with 200 mM TRIS using DHB as
matrix with a matrix:analyte ratio of 4000:1. However,
when the matrix:analyte ratio is increased to 40,000:1
the spectrum in Figure 5b is obtained.
Because the aerospray technique is not commonly
used, experiments were repeated using traditional
dried-drop sample preparation. Ideally, plots similar to
those for aerospray deposition in Figures 3 and 4 would
be obtained. In order to obtain such plots highly repro-
ducible aerospray sample preparations were required.
Signal abundances for aerosprayed samples have less
than 10% relative standard deviation. However, the
reproducibility of signal abundances for dried-drop
samples was less than 50%, which is similar to that
reported in the literature for dried-drop reproducibility
[21]. Because of the poor reproducibilty of the dried-
drop technique, quantitative comparisons are not pos-
sible. However general trends can be compared. If the
concentration of buffer present in a sample produced a
glossy surface by the aerospray technique, then the
dried-drop version of that sample also produced a poor
MALDI sample that did not give ion signals. When the
matrix:analyte ratio was increased, both the aeros-
prayed and dried-drop sample preparations produced
ion signals. Overall, the same general buffer tolerances
are obtained with both dried-drop and aerospray sam-
ple preparations.
Russell and Beeson [35] postulated that solvents with
high volatilities should produce drier aerosol particles
and enhance MALDI ion signals. Initially, acetone was
substituted for the usual solvent, methanol, for aeros-
pray deposition. However, samples with excessive
buffer concentrations for a given matrix:analyte ratio
still appeared glossy and did not produce insulin sig-
nals when analyzed. The acetone redeposition method
[12] was then applied to aerospray samples initially
dissolved in methanol. Application of acetone to the
dried MALDI samples redissolves the sample. Ideally, a
more homogeneous film should be formed upon recrys-
tallization. This method did dramatically influence the
tolerance of MALDI samples for the buffer BICINE. For
example, an insulin sample with 750 mM BICINE
present at a matrix:analyte ratio of 40,000:1 visually
looks glossy. In Figure 6a, the scanning electron micro-
scope (SEM) image of the surface of this sample shows
an amorphous topography with no crystals present.
Figure 7a is the spectrum that corresponds to the SEM
image of the insulin sample in Figure 6a and shows that
no signal for insulin was observed. Upon addition of
one drop of acetone, the sample completely dissolved.
After drying, very distinct crystals emerge from the
sample surface as evident in the SEM image in Figure
6b. Figure 7b shows the high intensity of signal for
insulin was obtained after the acetone redeposition. For
a given matrix:analyte ratio, acetone redeposition
method improved the buffer tolerance as long as the
BICINE concentration was not greater than approxi-
mately twice CT20. However, when the BICINE con-
Figure 5. MALDI-FT mass spectra of cytochrome c with 200-mM
TRIS with matrix:analyte ratios of (a) 4000:1 and (b) 40,000:1, using
DHB as matrix.
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centration was greater than this amount, acetone rede-
position by itself did not allow recovery of the analyte
signal. In these cases, the matrix:analyte ratio also had
to be increased. Although the acetone redeposition
method significantly improves the MALDI tolerance of
BICINE, this method did not improve the MALDI
signal for samples containing any of the other buffers in
this study.
To further test the generality of the results, all buffer
tolerance experiments were repeated using MALDI-
TOF. Using the aerospray probe tip illustrated in Figure
1, simultaneous samples for MALDI-FTMS and
MALDI-TOF could be produced. Similar results were
observed for both MALDI-FTMS and MALDI-TOF. For
example, Figure 8 shows MALDI-TOF spectra of bovine
albumin (66,000 Da) with 200 mM BICINE for two
matrix:analyte ratios. At a matrix:analyte ratio of 4000:1,
and a BICINE concentration of 200 mM, no spectrum
for bovine albumin was obtained (Figure 8a). When
more matrix was added to the same sample to increase
the matrix:analyte ratio to 40,000:1, the spectrum in
Figure 8b was recorded. Because excess matrix ions can
saturate the TOF detector, the low mass ion gate pro-
cedure was employed to reject low mass ions. Excess
matrix ions are not a problem for FTMS when gated
trapping is employed. During gated trapping, the rear
trapping plate is set to 9 V, whereas the front trapping
plate is set at 0 V. Matrix ions have lower kinetic
energies and are reflected by the potential on the rear
trapping plate and subsequently exit the cell. However,
ions with higher kinetic energies, such as protein ana-
lyte ions, are slowed down by the potential on the rear
trapping plate, but do not have sufficient velocity to be
deflected from the cell before normal trapping poten-
tials are restored. Although the signal-to-noise quality
of the MALDI-TOF spectrum in Figure 8b is unexcep-
tional, this spectrum does reveal the presence of signif-
icant abundances of multiply charged ions (2–5 charg-
es). Control samples without buffer present did not
produce a charge state greater than 13. Multiple charg-
ing is more commonly associated with matrices such as
a-cyano-4-hydroxycinnamic acid [36] and is less often
observed for DHB. For example, Zhou and Lee [36]
have reported charge states as high as 18 for bovine
albumin using a-cyano-4-hydroxycinnamic acid and
glycerol. However, many literature reports of MALDI-
TOF analyses of bovine albumin using matrices other
than DHB mention only ions up to 13 charge state [4,
28, 37, 38]. The multiple charged ions observed with a
combination of DHB and buffer suggest that it may be
possible to devise MALDI matrix compositions that will
confer some of the advantages of multiple charging that
are so useful in the popular electrospray ionization
technique.
Although it is convenient to express the amount of
buffer as its concentration in the sample solution, it is
also informative to compare the molar matrix:buffer
Figure 6. SEM images of bovine insulin samples with 750-mM
BICINE at a matrix:analyte ratio of 40,000:1 (a) before acetone
redeposition; (b) after acetone redeposition.
Figure 7. MALDI-FT mass spectra of bovine insulin with
750-mM BICINE at a matrix:analyte ratio of 40,000:1: (a) before
acetone redeposition; (b) after acetone redeposition.
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ratios. For example, at a concentration of 80-mM TRIS
buffer and a matrix:analyte ratio of 4000:1, no signal for
insulin was observed (see Table 1). Under these condi-
tions, the matrix:buffer ratio is 1.8. For the same sample,
increasing the matrix:analyte ratio to 40000:1 increases
the matrix:buffer ratio to 18. Thus, merely adding extra
matrix to a sample easily remedies the problem of
having too small of a matrix:buffer ratio. The effect of
increasing the matrix:analyte ratio is to increase the
matrix:buffer ratio, thereby restoring the ability of the
sample components to co-crystallize.
Conclusions
This study shows that buffer tolerance of MALDI-MS
samples depends on several factors. For a given matrix:
analyte ratio, buffer tolerance not only depends upon
the concentration of the buffer present, but also the
identity of the buffer. Also, the rate at which the buffer
tolerance decreases with increasing buffer concentra-
tion varies with buffer. For most buffers, concentration
tolerances are significantly greater at very large matrix:
analyte ratios. For samples with high concentrations of
buffer, increasing the matrix:analyte ratio also increases
the matrix:buffer ratio, mitigating the adverse effects of
the presence of the buffer. Therefore, increasing the
matrix:analyte ratio, may allow direct analysis of pro-
teins in biological samples with minimal pretreatment
prior to MALDI-MS analysis. Finally, the MALDI-TOF
spectrum of bovine albumin in Figure 8b raises the
interesting possibility that judicious adjustment of ma-
trix:analyte:buffer ratios could permit development of
MALDI techniques that favor multiple charging, with
its corresponding advantages.
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